The voltage-sensitive phosphoinositide phosphatases provide a mechanism to couple changes in the transmembrane electrical potential to intracellular signal transduction pathways. These proteins share a domain architecture that is conserved in deuterostomes. However, gene duplication events in primates, including humans, give rise to the paralogs TPTE and TPTE2 that retain protein domain organization but, in the case of TPTE, have lost catalytic activity. Here, we present evidence that these human proteins contain a functional voltage sensor, similar to that in nonmammalian orthologs. However, domains of these human proteins can also generate a noninactivating outward current that is not observed in zebra fish or tunicate orthologs. This outward current has the anticipated characteristics of a voltage-sensitive proton current and is due to the appearance of a single histidine residue in the S4 transmembrane segment of the voltage sensor. Histidine is observed at this position only during the eutherian radiation. Domains from both human paralogs generate proton currents. This apparent gain of proton channel function during the evolution of the TPTE protein family may account for the conservation of voltage sensor domains despite the loss of phosphatase activity in some human paralogs.
Introduction
The voltage-sensitive phosphatase (VSP) proteins are a family of phosphoinositide phosphatases. Principal substrates for this enzyme include phosphatidylinositol-4,5-diphosphate and phosphatidylinositol-3,4,5-trisphosphate Halaszovich et al. 2009 ). By controlling the levels of these phospholipids, VSP may regulate signal transduction through both phospholipase C-and 1-phosphatidylinositol-3-kinase pathways (Balla 2006) as well as the activity of a number of ion channels (Suh and Hille 2008) .
A signature feature of VSP proteins is the presence of a voltage sensor domain. Cells maintain an electrical potential across membranes at considerable metabolic cost and use it to control a number of vital processes (Laughlin et al. 1998) . Changes in this potential are detected by specialized sensor domains, the best studied of which is a module, conserved from archaea to mammals, that is composed of four transmembrane segments (S1-S4). Basic residues in the S4 segment, as well as charged residues in other transmembrane regions, move in response to shifts in the electrical potential and control effector domains (Okamura 2007; Swartz 2008 ). This voltage sensor domain was identified first in voltage-sensitive cation channels (Noda et al. 1986) , where sensor movements control the ion permeability through an adjacent permeability pore domain and underlie the regulation of classical K þ , Na þ , and Ca þ channels (Hille 2001; Swartz 2008) . In the VSP family, the sensor is instead coupled to a phosphatase catalytic domain and regulates enzymatic activity (Murata et al. 2005; Okamura et al. 2009 ).
This lipid phosphatase family is conserved in deuterostomes. VSP was first identified as a flagellar plasma membrane protein in sperm of the sea squirt, Ciona intestinalis (Murata et al. 2005) , and transcripts were later detected in other tissues of that tunicate (Ogasawara et al. 2011) . Mammalian orthologs include TPTE (Transmembrane Phosphatase with Tensin Homology), which is highly expressed in the spermatogenic lineage (Chen et al. 1999; Guipponi et al. 2001; Tapparel et al. 2003) , within the embryonic nervous system (Reymond et al. 2002) , and in a variety of tumors (Sjoblom et al. 2006; Jones et al. 2008; Parsons et al. 2008 Parsons et al. , 2011 Pleasance et al. 2010) . In addition, a paralog, TPTE2, is present in primates, including humans, and is expressed in spermatogenic cells and a limited number of other tissues (Walker et al. 2001) .
However, little is known about the function of mammalian orthologs. First, catalytic activity of VSP from C. intestinalis, the zebra fish Danio rerio, and the amphibians Xenopus laevis and X. tropicalis is regulated by membrane potential (Murata et al. 2005; Worby and Dixon 2005; Murata and Okamura 2007; Hossain et al. 2008; Ratzan et al. 2011) . Bioinformatic analysis suggests that mammalian orthologs may also contain a voltage sensor domain (Kumanovics et al. 2002) , but it has not been shown that this domain is functional. Second, the site of action of these proteins in mammals is not known. VSP of C. intestinalis has been reported to be a sperm plasma membrane protein, and zebra fish and Xenopus orthologs traffic to the plasma membrane in heterologous expression systems Ratzan et al. 2011) . In contrast, mammalian orthologs appear to be restricted to the Golgi complex, both in spermatogenic cells and following expression in cell lines (Guipponi et al. 2001; Walker et al. 2001; . Finally, the nonmammalian VSP proteins that have been examined are all catalytically active (Murata et al. 2005; Hossain et al. 2008; Ratzan et al. 2011) . In contrast, the paralogous proteins in primates are highly conserved, but TPTE2 has phosphatase activity while sequence variations in primate TPTE resulted in a loss of catalytic activity (Walker et al. 2001; Leslie et al. 2007) .
In order to resolve some of these uncertainties, we set out to determine whether the voltage sensor domains of mammalian TPTE and TPTE2 were functional. Here, we report human (Hs-) TPTE or TPTE2 sequences, when introduced into the zebra fish VSP, exhibit currents reflective of sensor activation. In addition, these human sequences produce a voltage-sensitive proton current. Proton channel activity was conserved between Hs-TPTE and Hs-TPTE2 and so may account for the conservation of the voltage sensor domain in primates despite the loss of catalytic activity in some paralogs. This activity is due to the introduction of a single histidine residue that first appears in the S4 segment of TPTE during the radiation of eutherian mammals.
Materials and Methods

DNA Methods
cDNA for Dr-VSP (IRBV clone 7167382) and Hs-TPTE (IRAT clone 5269598) was obtained from Open Biosystems. Amino acid positions for Hs-TPTE and Hs-TPTE2 were based on the longest isoforms (TPTEa, GI: 109689707; TPTE2c, GI: 213972591). Mutagenesis was carried out with a QuikChange kit (Stratagene), and HEK293 cells were transfected with Effectene (QIAGEN).
Structural Modeling and Alignments
A 3D model of the voltage sensor domain of Hs-TPTE (amino acid residues 71-221 of NP_954870.2) was obtained by homology modeling with YASARA Structure (Krieger et al. 2009 ), based on the X-ray structures of the S1-S4 region of the Shaker family potassium channel (PDB ID 2R9R, Long et al. 2007 ), Kv2.1 paddle-Kv1.2 chimera (PDB ID 3LNM, Tao et al. 2010) , and NavAb voltage-gated Na þ channel (PDB ID 3RVY and 3RW0, Payandeh et al. 2011 ). After refinement by molecular dynamics simulation in water (Krieger et al. 2004; Chetwynd et al. 2008 ), the final model had a YASARA quality score of 0.17. Similar regions in orthologous proteins were identified using eggNOG 2.0 (http://eggnog.embl.de; Muller et al. 2010 ).
Evolutionary Analysis
The following Ensembl transcripts were used for analysis of positive selection: Chimpanzee ENSPTRT00000010459, . This test revealed no evidence of positive selection at the position of histidine-207 of human TPTE.
Electrophysiological Methods
Currents were recorded from HEK293 cells at room temperature using an external solution containing N-methyl-Dglucamine (75 mM), HEPES (80 mM), CaCl 2 (1 mM), MgCl 2 (1 mM), and glucose (10 mM) and an internal solution of N-methyl-D-glucamine (65 mM), MgCl 2 (3 mM), ethylene glycol tetraacetic acid (1 mM), and HEPES (100 mM). pH was adjusted with methanesulfonic acid. NaCl was added by substitution with N-methyl-D-glucamine þ -sulfonate À . Whole-cell currents were acquired using Clampex 9.0 (Axon Instruments), filtered at 2 kHz, and leak components were subtracted using a p/n 5 5 protocol. Proton currents were measured at the end of the depolarizing test pulse.
Charge-voltage (Q-V) relationships for the activation and inactivation of Dr-VSP gating currents were fit by the Boltzmann equation (Q 5 1/(exp(ze(VÀV 1/2 )kT))), where z is the valance, e is the elementary electric charge, V and V 1/2 are membrane voltage and the voltage for a halfmaximal response, k is Boltzmann's constant, and T is absolute temperature. Fitting was carried out using OriginPro 8.5 (OriginLab, Northampton MA) and used to calculate V 1/2 .
Results
Evidence That Domains of Human TPTE and TPTE2 Move in Response to Membrane Depolarization There are two identified activities of voltage sensor domains: the sensor moves in response to changes in membrane potential and sensor movement activates targets. Since Hs-TPTE lacks catalytic activity, we instead examined sensor movements. Those movements result in a translocation of charged residues in transmembrane segments of the sensor and so generate a ''sensing current'' that is a signature of a functional voltage sensor (Armstrong and Sutton et al. · doi:10.1093/molbev/mss083 Bezanilla 1973; Bezanilla 2008; Swartz 2008) . Sensing currents can be detected in whole-cell patch-clamp experiments.
MBE
We set out to detect sensing currents following expression of Hs-TPTE and Hs-TPTE2 in HEK293 cells. However, these proteins do not reach the plasma membrane, consistent with previous reports that Hs-TPTE may be a Golgi complex protein in human spermatogenic cells (Guipponi et al. 2001; Tapparel et al. 2003) and that both human and mouse TPTE localize in the Golgi complex in heterologous expression systems (Guipponi et al. 2001; Walker et al. 2001; Tapparel et al. 2003) . This may reflect the cellular localization of TPTE/TPTE2 in vivo or may be another case in which plasma membrane proteins that are highly expressed in the mammalian spermatogenic lineage (Walker et al. 2001; fail to reach the cell surface following heterologous expression (Ren et al. 2001; Wang et al. 2003) . In contrast, the zebra fish ortholog, Dr-VSP, is trafficked to the plasma membrane efficiently in cell lines ). In addition, the paddle motif, a helix-loop-helix structure that consists of the S3b and S4a segments of the voltage sensor domain ( fig. 1a ) and that contains determinants of voltage response characteristics during sensor activation (Jiang et al. 2003) , is portable and can be transferred between sensors of different proteins (Alabi et al. 2007 ). This permitted us to use Dr-VSP as a template for the analysis of Hs-TPTE/TPTE2 voltage sensor behavior following transfer of human TPTE/ TPTE2 sequences comprising the paddle segment plus flanking regions.
The voltage sensor domains of VSP and of mammalian TPTE are related to those of K þ and Na þ channels (Kumanovics et al. 2002; Worby and Dixon 2005; Okamura 2007) . Homology modeling demonstrated a good fit of the Hs-TPTE sequence with the X-ray structure of a rat Shaker family Kv channel and with a bacterial Na þ channel (see Materials and Methods: Structural Modeling and Alignments), thereby allowing the identification of the S3-loop-S4 segment of Hs-TPTE ( fig. 1b ). Multiple sequence alignments were then carried out using eggNOG 2.0 (Muller et al. 2010) to identify related sequences in other orthologs ( fig. 1c) .
Dr-VSP produced transient asymmetric currents following membrane depolarization of HEK293 cells ( fig. 2a and b ) that are similar in charge-voltage relationship for activation (ON sensing current calculated V 1/2 , 99.7 ± 2.3 mV; n 5 8) and inactivation (OFF sensing current V 1/2 , 90.4 ± 3.9 mV; n 5 8) to the sensing currents observed previously with Dr-VSP ). These currents were not detected in untransfected cells. We next replaced the S3-loop-S4 region of Dr-VSP with the corresponding region of Hs-TPTE (residues 173-213, designated Dr-VSP ) or of TPTE2 (residues 155-195, designated Dr-VSP ). These regions contain the sensor paddle domain as well þ channel, the Kv2.1 paddle-Kv1.2 chimera, and the NavAb voltage-gated Na þ channel, was used to identify transmembrane segments (S1, blue; S2, green; S3, yellow; and S4 orange). The three histidine residues present in and near the S4 segment of Hs-TPTE but not present in non-eutherian VSP are shown in stick representation (numbering based on Hs-TPTE, GI: 109689707). This figure and supplementary figure 2 (Supplementary Material online) were made with PyMOL (The PyMOL Molecular Graphics System, Version 1.4.1; Schrödinger, LLC). (c) Alignment of S4 segments shows that the positions of basic residues (shaded in yellow) in VSP/TPTE family members and in a Shaker Kv channel are conserved (numbered 1-7 based on Shaker sequence). Sequences include: Drosophila melanogaster Dm-Shaker Kv (GI: 288442), Ciona intestinalis Ci-VSP (GI: 66391023), Danio rerio Dr-VSP (GI: 193248592), Homo sapiens Hs-TPTE (GI: 109689707), and Hs-TPTE2 (GI: 213972591). The positions of three histidine residues present in human TPTE/TPTE2 are indicated (shaded in green, numbered 8-10). Asterisks indicate arginine residues of Dm-Shaker Kv that yield proton currents when mutated to histidine (Starace et al. 1997; Starace and Bezanilla 2001) .
Evolution of the Voltage Sensor Domain · doi:10.1093/molbev/mss083 MBE as flanking sequences ( fig. 1a) . Transient asymmetric currents that were similar to the sensing currents of Dr-VSP were also observed following depolarization of cells expressing either chimeric protein. These results, taken together with bioinformatics identification of a sensor domain in TPTE (Kumanovics et al. 2002) , strongly suggest that this domain is functional and moves in response to shifts in membrane potential.
However, this sensing current in chimeric proteins was followed by an unanticipated secondary current that is not seen in Dr-VSP transfectants (current montages, fig. 2b -Dr-VSP, traces shown in black; fig. 2c and d-TPTE and TPTE2 chimera, data are shown in red and blue, respectively; fig. 2e , summary conductance-voltage relationships) or reported previously for either zebra fish or sea squirt VSP (Murata et al. 2005; Hossain et al. 2008) . Detailed analysis of voltage sensor movements will be reported separately. Here, we focus on the nature of this secondary current and its evolutionary implications.
Secondary Currents Are Due to a Voltage-Sensitive Proton Current Activity Secondary currents generated by chimeric proteins are voltage dependent, outwardly rectifying (current-conductance relationships, fig. 2e ; TPTE and TPTE2 chimera data are shown in red and blue, respectively) and detected only at membrane potentials that were sufficient to generate sensing currents (supplementary fig. S1 , Supplementary Material online). A similar result was obtained when the S4 segment of Dr-VSP was ''humanized'' by multiple point mutations rather than by domain exchange.
Secondary currents were observed initially when cells expressing chimeric proteins were bathed in complete Ringer's solution (current traces in black, fig. 3a ; current-voltage relationship in black, fig. 3c ). However, these currents persisted when the contribution of endogenous channels was minimized by using intracellular and extracellular solutions in which the major physiological salts were replaced by compounds that dissociate into large ions that are not readily conducted by voltage-gated MBE channels (current traces and current-voltage relationship in blue, fig. 3b and c) .
The persistence of secondary currents in media depleted of the major physiological ions suggested that this current may be due to proton transport. Four other observations are consistent with this. First, the reversal potential of secondary currents in media with a transmembrane pH gradient, but otherwise, symmetrical intracellular/extracellular media that were depleted of the major permeant ions (by replacement of anions and cations in Ringer's solution with NMDG þ -sulfonate À ), was 58.6 þ 2.1 mV (n 5 7; fig. 3c ) for a 1 pH unit gradient and 87.5 ± 1.8 (n 5 6) for a 1.5 pH unit gradient, as predicted by the Nernst equation with protons as a charge carrier. This reversal potential in the presence of a 1 pH unit gradient was not altered when NMDG þ -sulfonate À was replaced by 50 mM NaCl in both intracellular and extracellular solutions (61.8 ± 8.1 mV, n 5 5; fig. 3c ). This suggests that Na þ and Cl À are not required for secondary current. Third, amplitude of secondary current increased as the outwardly directed proton concentration gradient increased ( fig. 3d-f) . Finally, the V 1/2 for secondary current shifts with changes in the transmembrane pH gradient ( fig. 3f) , as expected for voltage-sensitive proton currents.
The secondary current generated by Dr-VSP chimera was similar to the proton current produced by HVCN1 channels in its slowly developing time course, outward rectification, and lack of requirement for physiological salts but differed in being ;50-fold less sensitive to inhibition by extracellular Zn 2þ ; 100 lM Zn 2þ produced a 50.5 ± 0.1% block (n 5 3) of the Dr-VSP HsTPTE:173-213 proton current, whereas that cation inhibited HVCN1 proton currents with an IC 50 of ;2 lM (DeCoursey and Cherny 2007; Ramsey et al. 2010 ). This was anticipated as Dr-VSP HsTPTE:173-213 lacks a key residue required for a high affinity Zn 2þ block of HVCN1 (Ramsey et al. 2006 ) and demonstrated that the proton currents generated by these chimeric proteins were not due to the activation of an endogenous HVCN1 in HEK293 cells.
Molecular Basis of Proton Currents
Transfer of a 40 amino acid sequence, corresponding to the S3-loop-S4 segment of the voltage sensor, from Hs-TPTE/ TPTE2 to Dr-VSP results in the production of a novel secondary current. This sequence includes the paddle domain (Jiang et al. 2003) and several flanking residues ( fig. 1a) . In comparing voltage sensor sequences in VSP/TPTE orthologs, we noted histidine residues in or near the S4 segment of Hs-TPTE and of Hs-TPTE2 that were not present in VSP from zebra fish or sea squirt (shown as green-shaded residues and numbered 8-10; fig. 1c ). Mutation of Dr-VSP arginine-171 to histidine (H9, fig. 1c ; corresponds to histidine 207 of Hs-TPTE) was sufficient to produce voltage-sensitive proton currents that were similar in activation kinetics, voltage dependence, and current amplitude to those generated when the complete S3-loop-S4 region was transferred (fig. 4) . Modeling studies indicate that it is unlikely that the effect of this point mutation was due to disruption of the structure of the voltage sensor (supplementary fig. S2, Supplementary Material online) . Conversely, mutation of this conducting histidine of Dr-VSP to glutamine abrogated this current ( fig. 5 ). This residue is expected to lie near the lipid/cytoplasmic boundary of the S4 segment ( fig. 1b) , based on the X-ray structure of the sensor domain of Kv1.2 channels (Jiang et al. 2003; Long et al. 2007) .
In contrast, Dr-VSP did not generate proton currents following point mutation of either threonine-156 or serine-174 to the histidinyl residues found at the corresponding positions of Hs-TPTE and Hs-TPTE2 (data shown in fig. 4 ; positions of histidines H8 and H10 shown in figs. 1c and 4) . No other naturally occurring sequence difference between Dr-VSP and Hs-TPTE/TPTE2 produced proton currents in Dr-VSP. We did observe another mutation of Dr-VSP to histidine (arginine168/histidine) that also produced a voltage-sensitive proton current (supplementary fig. S3 , Supplementary Material online), but this does not represent a naturally occurring sequence change that has arisen during evolution of the voltage sensor.
Discussion
This study focuses on sequence changes that occur in and near the S4 segment of VSP/TPTE phosphatases during the evolutionary history of these proteins. The positions of positively charged residues in the S4 segment that account for Evolution of the Voltage Sensor Domain · doi:10.1093/molbev/mss083 MBE voltage sensor function are conserved to a great extent within the VSP/TPTE family as well as between VSP/TPTE and corresponding segments of K þ channels and other cation channels (Worby and Dixon 2005; Okamura 2007 ). Yet, we noted sequence differences between human (Hs-TPTE and Hs-TPTE2) and zebra fish (Dr-VSP) members of the VSP/TPTE family, particularly regarding the introduction of one histidine residue in the S4 segment of human orthologs and two others that lie just outside S4. One of these histidines (Histidine-207 of Hs-TPTE; shown as H9 in fig.  1c ), when present in the context of Dr-VSP, converted that zebra fish protein into a voltage-gated proton current.
The VSP/TPTE family is conserved from ascidians to mammals. However, inspection of available genomic sequences revealed that histidine is not present at the position essential for proton currents in either nonmammals or in a prototherian mammal but instead is first observed during the radiation of eutherian mammals (sequences in Table 1 ). It is retained at this position in eutherians from several superorders, suggesting that this may represent an ancestral form. Furthermore, gene duplication events in primates, including human, have resulted in paralogs that, in one case (TPTE2), remain an active phosphatase while, in another (TPTE), have lost catalytic activity due to sequence changes in the enzyme active site (Walker et al. 2001; Leslie et al. 2007 ). Yet both human paralogs retain histidine at the essential position in the S4 segment of the voltage sensor and both produce voltage-dependent proton currents in the experimental context studied here. These observations suggest that a selection pressure fixed histidine in this position. However, computational analysis failed to reveal positive selection of this residue (see Materials and Methods: Evolutionary Analysis), suggesting that this is a case of functional adaptation in the absence of sequence-based signals, as has been reported in other systems (Hughes 2008; Yokoyama et al. 2008) . The physiological basis of this selection pressure has not been identified but may relate to the requirement for proton currents.
There are two models for the production of proton currents by voltage sensor domains. First is the case of HVCN1, which contains an S1-S4 voltage sensor domain but lacks an identified target domain such as the ion pore of cation channels or the catalytic domain of VSP/TPTE phosphatases (Ramsey et al. 2006; Sasaki et al. 2006 ). This channel accounts for the endogenous voltage-sensitive proton currents that have been detected in a wide range of eukaryotic cells (Capasso et al. 2011) . Proton currents are conducted along an immobilized water wire that penetrates through the sensor domain of HVCN1 but that is absent from Kv channels (Ramsey et al. 2010; Wood et al. 2011) . Histidine residues are not present in the S4 segment of HVCN1. In addition, the position corresponding to the histidine that is required for proton currents through chimeric Dr-VSP does not play an essential role in HVCN1 channel activity (Ramsey et al. 2006 (Ramsey et al. , 2010 . Thus, it is likely that HVCN1 and chimeric Dr-VSP use different mechanisms to conduct protons.
Alternatively, proton currents can be generated through the voltage sensor domain of Drosophila Shaker Kv channels following experimental replacement of certain conserved basic residues in the S4 segment with histidine (shown as asterisks, fig. 1c ). In those mutagenesis experiments, histidine was used to probe voltage-driven conformational changes. The proton currents that resulted are thought to reflect the movement of the introduced histidine from contact with the aqueous environment into the membrane electrical field during voltage-driven sensor activation, and once there to allow this titratable residue to function as a proton shuttle (Starace et al. 1997; Bezanilla 2001, 2004) . Chemical probe studies suggest that the residue in Shaker Kv channels (lysine-380, shown as K-7 in fig. 1c ) that corresponds to the Hs-TPTE/TPTE2 histidine required for proton currents (histidine-207 in Hs-TPTE, shown as H-9 in fig. 1c ) may also move from contact with the aqueous environment into the focused electrical field during activation of the sensor domain (Elinder et al. 2001) . If similar MBE movement also occurs in the voltage sensor of eutherian TPTE/TPTE2, where histidine has been fixed by evolution, then it could permit that residue to conduct protons across the field. Testing this suggestion will require the development of heterologous expression systems that traffic full-length Hs-TPTE/TPTE2 to the cell surface.
Our results suggest that proton currents are conducted by the voltage sensors of Hs-TPTE/TPTE2 and of many eutherian orthologs. However, this current requires strongly positive membrane potentials for activation; it is first observed at . þ20 mV and full activation requires . þ100 mV ( fig. 2 ) in the heterologous expression system used here. Mammalian TPTE has been localized in the Golgi complex in spermatogenic cells (Guipponi et al. 2001; Tapparel et al. 2003) and in cell lines following transfection (Guipponi et al. 2001; Walker et al. 2001; Wu, Dowbenko, et al. 2001) . But the membrane potential of the Golgi complex is ;0 mV (Schapiro and Grinstein 2000; Wu, Grabe, et al. 2001; Maeda et al. 2008 ) and may not be sufficient to activate the TPTE/TPTE2 voltage sensor. Similarly, Ci-VSP, which has been reported to be a flagellar plasma membrane protein of C. intestinalis sperm (Murata et al. 2005) , activates at membrane potentials .0 mV (Sakata et al. 2011) , whereas the plasma membrane potential in the sperm of that ascidian is ;À50 mV and may hyperpolarize to ;À100 mV in response to factors released from eggs (Izumi et al. 1999 ). Finally, X. laevis VSP1 and Xenopus tropicalis VSP activate at ;0 mV following heterologous ENSLAFP00000018274 IPRLAVLFRSLRLIILIRIFHLAYQK a S4 segment of Hs-TPTE was identified by structural modeling of the solved structures of K þ and Na þ channels, and related regions of orthologous proteins were identified using eggNOG 2.0 (see Materials and Methods). b Protein ID identifiers for sequences obtained from Ensembl (http://useast.ensemble.org).
*Site of histidine that corresponds to Hs-TPTE residue 207 and that is responsible for proton current when present in the context of Dr-VSP (yellow shading). Histidine residues in this position are shown in red.
Evolution of the Voltage Sensor Domain · doi:10.1093/molbev/mss083 MBE expression, but the membrane potential of those sperm has not been reported (Ratzan et al. 2011) . In general then, VSP/TPTE orthologs have functional voltage sensors that have been shown in some cases to regulate catalytic activity (Murata et al. 2005; Hossain et al. 2008; Ratzan et al. 2011 ), but it is uncertain whether the membrane potential conditions required for phosphatase activation occur under physiological conditions.
It is of course possible that posttranslational modifications occur in vivo that shift the voltage-activation relationship to more negative potentials, as is the case with HVCN1 (DeCoursey 2008). Alternatively, it is useful to recall that the Golgi complex of late spermatogenic cells gives rise to the acrosome (Eddy 2006) , an acidic secretory vesicle of sperm (Meizel and Deamer 1978; Lee and Storey 1989; Nakanishi et al. 2001 ) that plays an essential role in fertilization (Florman and Ducibella 2006) . The membrane potential of acidic secretory vesicles in other systems is . þ100 mV relative to cytoplasm (Hutton 1982; Loh et al. 1984; Mellman et al. 1986; Breckenridge and Almers 1987) . If Hs-TPTE is an acrosomal membrane protein in sperm, then this may provide the specialized conditions for activation of TPTE proton currents. Plausible roles for an acrosomal TPTE may include maintaining the acidic vesicular pH, which is ,6 when sperm are released from the male epididymis, as well as playing a role in the alkaline shift in acrosomal pH that accompanies sperm capacitation (Meizel and Deamer 1978; Nakanishi et al. 2001) .
In summary, we report that a histidine residue is introduced into the cytoplasmic end of the S4 segment of the TPTE voltage sensor during an early stage of the eutherian radiation. This sequence change is fixed in TPTE and paralogs in most eutherian mammals. The presence of histidine at this position permits the voltage sensor domain to conduct voltage-sensitive proton currents.
Supplementary Material
Supplementary figures S1-S3 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
